Narrow Zero-Field Tunneling Resonance in Triclinic Mn$_{12}$ Acetate
  Ribbons by Imaz, I. et al.
Narrow Zero-Field Tunneling Resonance in Triclinic Mn12 Acetate Ribbons
I. Imaz1, J. Espin1, D. Maspoch1,2
1Institut Català de Nanotecnologia, ICN2, Esfera Universitat
Autónoma Barcelona (UAB), Campus UAB, 08193 Bellaterra, Spain
2Institució Catalana de Recerca i Estudis Avançats (ICREA), 08100 Barcelona, Spain
J. Tejada, R. Zarzuela, N. Statuto
Departament de Física Fonamental, Facultat de Física,
Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain
E. M. Chudnovsky
Physics Department, Lehman College, The City University of New York,
250 Bedford Park Boulevard West, Bronx, NY 10468-1589, USA
(Dated: October 10, 2018)
We report synthesis, structural characterization, and magnetic measurements of amorphous Mn12-
acetate ribbons with a triclinic short-range crystal order not previously seen in experiment. The
ribbons exhibit the same structure of Mn12 molecules and the same positions of tunneling resonances
on the magnetic field as a conventional tetragonal Mn12-acetate crystal. However, the width of the
zero-field resonance is by at least one order of magnitude smaller, indicating very small inhomoge-
neous broadening due to dipolar and nuclear fields. Possible origins of this effect are discussed.
PACS numbers:
I. INTRODUCTION
Chemistry and physics of molecular magnets have been
intensively studied in the last two decades1 after it was
found that they provide an ultimate limit of the miniatur-
ization of a permanent magnet2 and, on top of it, exhibit
quantum tunneling of the magnetic moment3–6. Other
fascinating quantum effects observed in molecular mag-
nets include quantum topological Berry phase7, magnetic
deflagration8,9, and Rabi oscillations10,11. Most recently,
experiments with individual magnetic molecules bridged
between conducting leads and molecules grafted on car-
bon nanotubes have been performed that permit readout
of quantum states of individual atomic nuclei12,13. Quan-
tum superposition of spin states in magnetic molecules
makes them candidates for qubits – elements of quantum
computers14.
Mn12 acetate first synthesized by Lis15 is a proto-
typical spin-10 molecular magnet. It has been studied
more than any other molecular magnet. Observation in
Mn12 acetate of quantum magnetic hysteresis due to res-
onant spin tunneling3 triggered avalanche of papers in
this field by chemists and physicists. Spin tunneling in
a Mn12 molecule is illustrated in Fig. 1. The resonances
are achieved on changing the external magnetic field B.
Their width is due to inhomogeneous dipolar and hy-
perfine broadening, as well as due to D-strains and g-
strains16. Typically observed widths of the resonances
are in the ball park of 1kOe. The zero-field resonance
stands out because it is not subject to D-strains and g-
strains. It also does not depend on whether one works
with a single crystal or non-oriented microcrystals. For
conventional Mn12 acetate the typical width of the zero-
field resonance17 is in the ball park of 300Oe. Inhomo-
Figure 1: Color online: Thermally assisted tunneling between
resonant spin levels in a Mn12 molecule of spin S = 10. The
black solid curve shows the dependence of the classical mag-
netic anisotropy energy on the angle that the magnetic mo-
ment forms with the magnetic anisotropy axis. Red lines show
energies of spin levels corresponding to magnetic quantum
numbers m and m′. The dash line illustrates quantum tun-
neling from m = 10 to m′ = −7.
geneous broadening of spin-tunneling resonances is one
obstacle on the way of achieving terahertz lasing and su-
perradiance effects in molecular magnets20,21.
Recently we reported spin-tunneling maxima in the
field derivative of the magnetization of amorphous non-
oriented Mn12 nanospheres18. This observation chal-
lenged the conventional wisdom that quantum resonances
can only be observed in single crystals or in systems of
oriented microcrystals. The sample was prepared by the
method described in Ref. 19. It turned out that only the
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2Figure 2: Color online: a) FE-SEM images of Mn12-acetate
ribbons synthesized by reprecipitation in toluene. b) FESEM
image of an isolated Mn12-Ac ribbon. c) FESEM image of
the Mn12-Ac triclinic crystal obtained by a slow diffusion
of ethanol in a Mn12-Ac acetonitrile solution. d) Chemical
structure of the Mn12-acetate molecule in a triclinic crystal is
identical to that in a conventional tetragonal crystal originally
synthesized by Lis.
internal structure of the Mn12 molecules was important
for the observation of quantum spin tunneling but not
their short-range or long-range arrangement in a solid.
In this paper we report a novel triclinic phase of Mn12
acetate with a surprisingly narrow width of the zero-field
resonance. In some instances the width as low as 50Oe
has been observed. The paper is structured as follows.
Fabrication and characterization of the samples by vari-
ous techniques are discussed in Section II. Measurements
of the field and temperature dependence of the magneti-
zation are presented in Section III. The results and their
possible explanation are discussed in Section IV.
II. FABRICATION AND CHARACTERIZATION
OF TRICLINIC MN12 RIBBONS
Ribbon-shaped Mn12-acetate particles were prepared
by reprecipitation18,19 of Mn12-acetate crystals of size
4.9±1.0µm that were synthesized as previously described
by Lis15. This process started with the dissolution of 60-
mg Mn12-acetate crystals in 15mL of acetonitrile. The
resulting solution was then filtered to avoid any solid
trace and mixed with 30mL of toluene under continuous
stirring, inducing the immediate formation of a brown
precipitate. After one hour, the obtained solid was col-
lected by filtration. Field-Emission Scanning Electron
Microscopy (FE-SEM) images of this brown solid demon-
strated the formation of ribbon-shaped particles, Fig.
2-a,b. The average ribbon size was calculated statisti-
cally from FESEM images, measuring the length and the
width of 150 particles of the same sample. The calcu-
lated average length was 3.2± 1.9µm with the median of
2.8µm, and the average width was 0.8± 0.3µm with the
median 0.8µm.
The X-Ray powder diffraction pattern of the ribbon
phase revealed that Mn12-acetate ribbons, besides show-
ing amorphous or microcrystalline structure, also did not
have the short-range symmetry of the initial Mn12-Ac
crystal phase, Fig. 3. In order to identify this new
crystalline phase we modified the synthesis of the rib-
bons to grow single crystals of sufficient size to perform
the single-crystal X-ray diffraction experiment. The ini-
tial Mn12-acetate crystals were dissolved in acetonitrile
and the resulting solution was filtered to avoid any solid
traces. Then, vapors of toluene were diffused slowly in
this solution. After a few days, we observed the forma-
tion of rectangular shaped crystals, Fig. 2-c.
Due to a small size of the grown crystals, the single
crystal X-ray diffraction experiment was performed un-
der Synchrotron radiation in the XALOC beamline at the
ALBA synchrotron. The powder pattern simulated from
the resolution of the crystalline structure corresponded
to the experimental powder diffractogram obtained from
the ribbons, confirming their novel short-range crystal
structure, Fig 3.
Figure 3: Color online: X-ray data from Mn12 ribbons (blue),
from triclinic crystal grown as described in the text (red), and
simulated X-ray pattern from a triclinic crystal (black).
The intramolecular structure of the Mn12-Ac in the
new crystal phase appears identical to the one reported
by Lis15, see Fig. 2-d. The [Mn4O4]8+ cubane unit
is held within a non-planar ring of eight Mn3+ ions by
eight oxygen atoms. The inorganic core is capped by 16
acetate molecules. The principal differences between this
new phase and the common Mn12-Ac phase of Lis resides
in the intermolecular packing of the Mn12-Ac molecules.
In the Lis phase the Mn12-Ac molecules crystallize in
the tetragonal space group I-4 whereas the new phase
3crystallizes in the P-1 triclinic space group, Fig. 4.
Ribbons	   Mn12-­‐Ac-­‐	  T.Lis	  
Ribbons	   Mn-­‐Ac-­‐T.Lis	  
System	   Triclinic	   Tetragonal	  
Space	  group	   P1	   I-­‐4	  
Unit	  cell	  
a(Å)	   13.76	   17.319	  
b(Å)	   14.16	   17.319	  
c(Å)	   18.58	   12.388	  
α(°)	   87.60	   90	  
β(°)	
 97.84	   90	  
χ(°)	
 93.45	   90	  
V(Å3)	   3577	   3715	  
d	   1.682	   1.619	  
Figure 4: Color online: Parameters of triclinic and tetragonal
crystals of Mn12 acetate.
III. MAGNETIC MEASUREMENTS
Low-temperature magnetic measurements have been
carried out on a compressed powdered sample of Mn12
ribbons inside a commercial rf-SQUID Quantum Design
magnetometer. Fig. 5 shows zero-field-cooled (ZFC)
magnetization as a function of temperature. The max-
imum at about 3.5K corresponds to the conventional
blocking temperature of the Mn12-Ac molecule. Below
that temperature the molecules hold their magnetic mo-
ments while above that temperature they become super-
paramagnetic. The absence of any secondary maxima in
the ZFC curve indicates the presence of only one species
of Mn12 acetate having a fixed magnetic anisotropy en-
ergy of about 65K.
Descending branches of the magnetization curves taken
at different temperatures are shown in Fig. 6. The curves
have been obtained by first saturating the sample of
Mn12-acetate ribbons in a positive magnetic field of up to
3T and then reducing the magnetic field to zero, revers-
ing it, and increasing the field in the opposite direction at
a constant rate. Striking feature of these magnetization
curves is a very large narrow jump of the magnetization
at zero field. In the past such jumps have only been
seen in a large magnetic field due to the phenomenon
of magnetic deflagration8,9. The latter is equivalent to
chemical combustion: Reversal of the magnetic moments
of the molecules leads to the release of their Zeeman en-
ergy into heat that further enhances magnetic relaxation.
However, at B = 0 there is no Zeeman energy to burn,
so that the deflagration as an explanation to the jumps
is ruled out.
The derivative of the normalized magnetization,
d(M/Ms)/dH, is shown at different temperatures in
Fig. 7. It clearly indicates four tunneling maxima at
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Figure 5: Zero-field-cooled (black) and field-cooled (red) mag-
netization versus temperature for a sample of Mn12-acetate
ribbons at H = 100 Oe. A single peak indicates the absence
of any second species of Mn12 molecules.
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Figure 6: Color online: Descending branches of the magneti-
zation curves of Mn12 ribbons taken at different temperatures.
The data are obtained by first saturating the sample in a pos-
itive field and then reducing and reversing the magnetic field.
The curves show large jumps at zero field that have not been
previously observed in Mn12 acetate.
the conventional resonant fields of Mn12 acetate, sepa-
rated by about 0.46T. The presence of such maxima in
d(M/Ms)/dH of non-oriented amorphous particles of a
molecular magnet has been explained in Ref. 18. The
new feature is an extremely narrow width of the zero-
field maximum. In some instances it is below 50Oe, see
4inset in Fig. 7. Such a narrow spin tunneling resonance
has never been observed in any molecular magnet.
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Figure 7: Color online: d(M/Ms)/dH of Mn12 ribbons at
different temperatures. Spin-tunneling maxima at zero and
first resonant fields are clearly observed. Inset shows low-
field structure of the zero-field maximum at 2.2K and 2.4K in
steps of 5 Oe.
In accordance with the narrow width of the zero-field
resonance one finds an unusually fast magnetic relaxation
near zero field, Fig. 8. A single exponential provides a
good fit to the time dependence of the magnetic mo-
ment of the sample at all temperatures explored (2.0K–
2.8K), with mean lifetimes ranging from 438s to 1530s
approximately. This means that a single energy barrier
contributes to the relaxation. It is determined by the
distance from the ground state level E0 to the level Em
that dominates thermally assisted quantum tunneling,
see Fig. 1.
IV. DISCUSSION
The jump in the magnetization due to resonant spin
tunneling is determined by the incoherent Landau-
Zener process22. The intial, Mi, and the final,
Mf , magnetizations are connected through Mi/Mf =
exp{pi∆2m exp[−(E0 − Em)/T ]/(2v)}, where ∆m is the
tunnel splitting of the level m that dominates thermally
assisted quantum tunneling, and v = 2mµB(dB/dt) is
the rate at which Zeeman energy is changing due to the
field sweep, µB being the Bohr magneton. The double
exponential dependence on temperature provides a hint
why the size of the magnetization jump in Fig. 6 in-
creases sharply with a relatively small increase of tem-
perature.
An additional proof of the Landau-Zener dynamics of
the magnetization comes from the analysis of the exper-
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Figure 8: Color online: Exponential time relaxation of the
normalized magnetization in a field of -20 Oe at different tem-
peratures –from 2.0 K to 2.8K in increments of 0.2K.
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Figure 9: Linear time dependence of ln(Mi/Mf ) during a
stepwise field sweep at T = 2.6K.
iment in which the field sweep near zero field on a field
reduction from saturation was conducted in equal field
steps, with a sizable magnetization change after each
step and a little change between the steps. For two con-
secutive steps one has (Mi,n/Mf,n)(Mi,n+1/Mf,n+1) =
(Mi,n/Mf,n+1) where Mi,n+1 = Mf,n has been used.
Writing (dB/dt)n as ∆B/∆tn, one obtains after N steps
Mi
Mf
= e
pi∆2me
−(E0−Em)/T
4mµB∆B
t
, t = ∆t1 + ∆t2 + ....+ ∆tN
(1)
resulting in ln (Mi/Mf ) ∝ t. The linear time dependence
of ln (Mi/Mf ) observed in experiment is illustrated by
Fig. 9.
5The width of the zero-field resonance is determined by
the inhomogeneous broadening due to dipole-dipole inter-
action between magnetic moments of the Mn12 molecules
and due to hyperfine interactions that are rather strong in
Mn12. Strong dipolar broadening in conventional tetrag-
onal crystals of Mn12 acetate is due to the tendency of
the molecules to form ordered chains along the tetrago-
nal C-axis. This tendency should be greatly diminished
in the triclinic structure. In the new crystal phase of
Mn12 acetate reported here the magnetic moments of the
molecules do not form chains, see Fig. 10. Still it appears
unlikely that the dipolar broadening in the ribbons would
fall below 50Oe.
Figure 10: Color online: Triclinic short-range crystal order
in the arrangement of Mn12-acetate molecules in the ribbons.
Arrows (conceptual) show directions of the magnetic moments
of the molecules. Unlike in a conventional tetragonal crys-
tal, the moments do not form chains along a single magnetic
anisotropy axis.
Even if the dipolar broadening of the resonance was
very low, the question would remain about the absence
of the hyperfine broadening, which should be of the
order of a few hundred Oe. One possible explanation
to the data is provided by recent theoretical work that
shows that the magnetization reversal in a molecular
magnet may occur inside a front of quantum tunneling
moving through the sample. This may happen either
due to the formation of a domain wall with a zero
dipolar bias inside the wall23 or due to the formation
of a self-organized front of quantum tunneling with
zero bias between tunneling spin levels regardless of
the nature of inhomogeneous broadening24. The latter
effect presents the most interesting possibility. It is
similar to the optical laser effect: The dipolar field in
a system of magnetic dipoles self-organizes to provide
the fastest relaxation to the minimum energy state.
It has been demonstrated24 that self-organization of
dipolar field can provide the resonant condition in the
presence of a very significant (up to 25%) broadening of
the energy of spin levels. Further studies will reveal if
self-organization is the reason for the observed narrow
zero-field resonance. If it is, it may open the way of lasing
with molecular magnets in the terahertz frequency range.
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